Abstract: Phosphorus-containing tri(acryloyloxyethyl) phosphate (TAEP) was blended with triglycidyl isocyanurate acrylate (TGICA) in different ratios to obtain a series of UV curable intumescent flame retardant resins. The fire properties of the cured films were characterized by limited oxygen index (LOI), UL 94 and Cone Calorimeter. A distinct synergistic effect was found between TAEP and TGICA. The sample TAEP2 had the highest LOI (44) value among all resins. The cone calorimeter results showed that the sample TAEP2 had the lowest peak heat release rate (297 KW/M 2 ). The thermal degradation was monitored by thermogravimetric analysis (TGA) and real-time Fourier transform infrared spectroscopy (RT-FTIR). The degradation mechanism is suggested in which the phosphate group in TAEP first degraded to form poly(phosphoric acid)s, which further catalyzed the degradation of the material to form char with emission of nitrogen volatiles from TGICA, leading to the formation of expanding char.
Introduction
Radiation curing, which effectively and instantaneously converts a usually liquid, lowviscosity resin into a polymerized and crosslinked solid polymer network, has become a well-accepted technology in polymer science [1, 2] . Beneficial properties such as rapid cured, reduced solvent emission, moderate curing condition, and the ability to coat heat-sensitive devices and circuits make photocurable compositions attractive for many electronic applications [3, 4] . However, most conventional UV curable resins are flammable, which could restrict some applications. So, it demands the development of flame retardant systems to reduce the fire hazards.
Traditionally, flame retarded coatings could be obtained by physically blending flame retardants. However, the high concentration of flame retardants usually leads to difficulty in curing and severe degradation [5] . Another efficient way to reduce the flammability of the coatings is chemically bonding flame retardant segments to the polymer backbone, i.e. using UV-curable flame retardants. The reactive-type flame retardants are very interesting due to their many advantages as compared with additive-type ones. First, they can promote the condensed phase mechanism, especially phosphorus and nitrogen containing flame retardants are chemically incorporated into the polymer structures [6] . Phosphorus-containing compounds decompose at a lower temperature than that of basic resins due to the unstable bonds of phosphorate. They form a surface layer protective char during fire process before the unburned structure materials begin to decompose. The nitrogencontaining compounds produce incombustible gases without toxic smoke when decomposing at high temperature. The gases can dilute the concentration of the oxygen near the fire and do no harm to the environment. The effect of the evolved gases could foam the protective layer during heat. The expanded char layers serve as superior protective barriers to the matrix against flame and heat [7, 8] .
Second, reactive-type flame retardants can work longer, because they will not exude from polymer materials during use and aging [9] [10] [11] . Third, the mechanical properties and transparency of cured films are not greatly affected, which is very important for some applications, such as varnish coatings.
A series of UV-curable reactive-type flame retardants has been reported, for example phosphate-containing acrylates [12] [13] [14] [15] [16] . These acrylates can form clear and hard coatings after UV irradiation, as well as owning fine flame retardancy. However, little work has been reported on the degradation mechanism of the UV-curable intumescent flame retardant coatings, especially on TAEP and TGICA.
In the present study, as a part of our continuous efforts to develop UV-curable flame retarded coatings, TAEP was blended with TGICA in different ratios to obtain a series of UV-curable resins. The combustion of composites was studied by LOI, UL 94 and cone calorimeter. The thermal degradation of the coatings was studied using TGA and RT-FTIR. The structure of the char residue was investigated using X-ray diffraction (XRD) and Laser Raman Spectroscopy (LRS).
Results and discussion

UV-curing behavior of UV-curable TAEP2
In this paper, the FTIR spectroscopy was used to determine TAEP2's relative CP of unsaturated bond during UV curing process. The CP of unsaturated bond for TAEP2 sample versus irradiation time in an air atmosphere is presented in Fig. 1 . Fig. 1 . The Conversion percent of unsaturated bond for UV cured TAEP2.
As shown Fig. 1 and Table 1 , the CP of the unsaturated bond for TAEP2 increases with the increasing of irradiation time. When the sample is exposed to UV light in air atmosphere for 150 s, the CP of unsaturated bond is about 80.6 %.
Tab. 1. The double bonds conversion and gel content of TAEP2.
Sample double bond conversion
Gel content (%) TAEP2
95
The gel content of the UV-cured film
The gel content for TAEP2 is reported in Table 1 . The data indicates the formation of an almost complete insoluble network (gel content value 95%).
Limiting Oxygen Index (LOI) and UL 94 Testing
LOI, which is as a quantitative method to rank the flammability of materials, is the minimum oxygen concentration in an oxygen/nitrogen mixture that will just support the combustion. The theoretical phosphorus and nitrogen contents of the UV-cured samples, their LOI values and UL 94 Rating are given in Table 1 . It can be observed that the LOI value increases from 36 for TAEP4 to 44 for TAEP2, and then decreases to 28 for TAEP0.
It may be explained by the following reasons. One reason is the formation of a thicker insulating char, which protect the inner material from the fire more efficiently. The second reason is that more compact and cellular structures char might be formed as a moderate amount of TGICA was added. Finally, TGICA could produce the incombustible gases during the flame process, which can dilute the concentration of the oxygen near the fire [20] . The cellular structure of intumescent char, acting as an insulating barrier, can prevent the heat transfer between the flame zone and the underlying substrate, and thus protect the substrate from heat and fire. However, the char could be worsened as the excessive nitrogen volatiles formed during the combustion with the increase of content for TGICA. As a result, the LOI value decreases to 39.5 for TAEP1. TAEPs could pass UL 94 rating (V0) except TAEP0, as shown Table 1 . It can be concluded that the increase in the concentration of nitrogen volatiles does not always imply better flame retardance. In other words, a distinct synergistic effect exists between nitrogen and phosphorus, which is similar to the experimental results of Hu et al [21] .
Combustion behavior
Although small scale tests such as LOI and UL 94 are widely used in realizing and evaluating flame retardance in polymers, they are not reliable indicators of likely performance in a real fire. For this kind of analysis, cone calorimetry is becoming the method of choice, and it can provide a wealth of information on the combustion behavior of materials [11] , like heat release rate (HRR), and so on. Relevant cone calorimetry parameters about the TAEPs are given in Table 1 . HRR, in particular the peak HRR (PHRR), has been found to be one of the most important parameters to evaluate fire safety. Fig. 2 ). It implies that the moderate addition of TGICA into TAEP could effectively decrease the maximum intensity of a fire. From the results, it is obvious that the maximum fire intensity cannot further be decreased by increasing the loading level of TGICA, implying that the HRR is a function of synergistic flame retardant mechanism.
Fig. 2. HRR curves of the samples with the different contents of TGICA.
Photographs of the charred crusts
It is important to investigate the morphologies and structure of residues for the compounds after combustion. It could provide other useful information about the flame retardation mechanism of the compounds. The photographs of related residual chars after cone calorimeter test are shown in Fig. 3 . It is very clear that there is more char residue for TEAP2 than TEAP0 and TAEP4. TEAP2 also has a thicker and compact char. It may indicate that the moderate addition of TGICA can promote char residue during combustion. TAEP decomposes at a lower temperature due to the unstable bonds of phosphorate, which could form the protective char. TGICA produces incombustible gases, which could foam the protective layer during heat.
A B C Fig. 3 . Photographs of the charred crusts: (A) TAEP0; (B) TAEP2; (C) TAEP4.
Structure Analysis of the Char Residue
The structure of the charred residue for TAEP2 after the cone calorimeter test is characterized by XRD and LRS. Fig. 4 shows that a strong diffraction peak at 26.1 appears which coincides approximately with that of the (002) diffraction of graphite. The (100) plane diffraction peak of graphite is also present at around 43.6 o . Both the (002) plane and (100) plane diffraction are characteristic peaks of graphite [22] . 
Thermal behavior
The thermal stability of a polymeric material is very important, which mainly concerns the release of decomposition products and the formation of a char. TGA is one of the most widely used techniques for rapid evaluation of the thermal stability for various polymers. Fig. 6 shows the TG curves of the cured samples. The specific degradation temperatures and the final char yields at 700 o C are listed in Table 2 . From the data in Table 2 , It can be found that at lower temperature (T -10% ), the UVcured TAEP2 films has the highest thermostability and UV-cured TAEP0 films has the lowest thermostability. There are mainly two factors which affect the thermostability at lower temperature. On one hand, TAEP2 with lower phosphorus content comparing to TAEP4 possesses higher thermostability at the beginning of degradation due to the decrease of P-O-C bonds which are not stable. On the other hand, there are no volatile products formed during the initial stage, which has been studied in literature [24] . In the range of 380-450 o C (T -10% ), as shown in Table 2 and Fig. 6 , the thermostability of TAEP2 is lower than TAEP4. This is mainly because poly(phosphoric acid)s, the degradation products of TAEP around 300 o C, can catalyze the breakage of carboxylic ester groups to form comparatively stable structures. But after 450 o C, TAEP2 is more stable than TAEP4, which could be explained that there may be a synergistic effect between phosphorus and nitrogen as reported in literature [25] , which could form the intumescent char protecting the sample from further degradation. Hence, TAEP2 has the most weight residue at 700 o C, which could be seen in Table 2 . 
Thermal Oxidative Degradation
In order to investigate the thermal oxidative degradation, TAEP2 sample was chosen for measuring the changes in spectra of real time FTIR, as shown in Fig. 7 .
It can be seen that the peaks at 1058 and 980 cm −1 ascribed to P-O-C absorption decrease quickly with increasing temperature and then disappear completely above 300 o C, indicating the degradation of P-O-C occurred. Furthermore, the new peaks at 1149 and 1019cm −1 (stretching vibration of P-O-C and PO 2 /PO 3 in phosphate-carbon complexes, respectively) [26] , and the new peaks at 1089 and 881 cm -1 (the symmetric and asymmetric stretching vibration of P-O-P band) [27, 28] appear above 300 ˚C. This indicates the release of H 2 O between some phosphate groups, leading to the formation of poly(phosphoric acid) (PPA). And PPA can further decompose to form phosphorus oxides, such as P 4 O 10 .
The appearance of two new peaks at 1289 and 1145 cm -1 and the disappearance of strong peaks at 1173 and 1265 cm -1 in the FTIR spectra [29] indicates that the phosphate group deviates from the aliphatic structure and then forms PPA or re-links to the aromatic structures at the temperatures over 300 o C. The appearance of new peaks at 759, 674 cm -1 implies aromatic structures are formed [30] . The peaks at 1727 and 1465 cm -1 , assigned to the vibration of C=O group, start to decrease from about 200 ˚C and almost disappear around 500 ˚C.
The peak at 2957 cm -1 for the C-H of cured film disappears completely at above 300 o C. It is due to the fast decomposition of the P-O-C linkage, which could form PPA to promote the decomposition of the cured blend to form char. 
Conclusions
A novel intumescent flame retardant system used for UV curable resins was prepared by blending TAEP with TGICA in a given ratio. The flame retardance results obtained indicate that the presence of TGICA as a UV-curable component in TAEP formulations improves flame retardance of the cured films. Hence, a distinct synergistic effect exists between TAEP and TGICA. TAEP2 shows the best flame retardance with the good expansion degree, the highest LOI value (44) and the lowest peak HRR value (297 KW/M 2 ) among all samples.
XRD and LRS demonstrate that a graphite-like structure is formed during combustion.
The thermal degradation behavior shows that the phosphate group in TAEP first degraded to form PPA, which catalyzed the degradation of the blend to form char. At the same time, TGICA degraded to form incombustible gases, which were wrapped by the char, and thus expanded.
Experimental
Materials
TAEP was synthesized using phosphorus oxychloride and 2-hydroxylethyl acrylate in our laboratory [13] . TGICA was synthesized using acrylic acid and triglycidyl isocyanurate [17] . The molecular formulae of TAEP and TGICA are shown in Fig. 8 . 2-Hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173), kindly supplied by Ciba Specialty Chemicals, was used as a photoinitiator. 
Sample preparation
The mixtures of TAEP with TGICA in different ratios were stirred at 60 o C for 20 min to get homogenous blends. TAEPs were cured with the UV irradiation equipment (80 Wcm [18] . The spectra were normalized with respect to the intensity of the carbonyl peak at 1733 cm −1 as an internal standard to account for variations in sample thickness and instrument recording [19] . The unsaturated bond content (A0) of the uncured sample containing photoinitiator was defined as 100%. If the unsaturated bond content of the sample irradiated with t time was defined as At, the CP of unsaturated bond could be calculated as follows:
The gel content was determined on the cured films by measuring the weight loss after 24 h extraction with chloroform at room temperature. Laser Raman spectroscopy measurements were carried out at a room temperature with a SPEX-1403 laser Raman spectrometer (SPEX Co., USA) with excitation provided in back-scattering geometry by a 514.5 nm argon laser line.
-Thermogravimetric analysis (TGA)
The thermogravimetric analysis (TGA) was carried out on the TGA Q5000 IR thermogravimetric analyzer (TA instruments) using a heating rate of 20 o C /min in air atmosphere (flow rate of 100 ml/min).
-Real time Fourier transform infrared analysis
Real time Fourier transform infrared (RT-FTIR) spectra was recorded using the Nicolet 6700 FT-IR spectrophotometer equipped with a ventilated oven having a heating device. The cured samples were mixed with KBr powders, and the mixture was pressed into a disc, which was then placed into the oven. The temperature of the oven was raised at a heating rate of about 10 o C /min. RT-FTIR spectra were obtained in situ during the thermo-oxidative degradation of the cured sample.
